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Nectin Couples Cell-Cell Adhesion and the Actin
Scaffold at Heterotypic Testicular Junctions
tin with the actin cytoskeleton [8, 12], is also nec-
tin-2 dependent at SspJs. These results indicate that
the nectin-afadin system plays essential roles in cou-
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Summary This developmental stage-specific localization of nectin
was consistent with its possible role as an intercellular
Actin-based cell-cell adherens junctions (AJs) are cru- adhesion molecule of SspJs.
cial not only for mechanical adhesion but also for cell
morphogenesis and differentiation [1–4]. While organi-
zation of homotypic AJs is attributed mostly to classic Nectin-Mediated Adhesive Domains Interact
cadherins, the adhesive mechanism of heterotypic AJs with Each F-Actin Bundle
in more complex tissues remains to be clarified. Nec- We next examined the ultrastructural localization of nec-
tin, a member of a family of immunoglobulin-like adhe- tin-2 and -3 at SspJs by immunoelectron microscopy.
sion molecules at various AJs, is a possible organizer The localization of nectin-2 and -3 indicated by 10-nm
of heterotypic AJs because of its unique heterophilic gold particles was detected on the contact sites of the
trans-interaction property [5–10]. Recently, nectin-2 two plasma membranes of the Sertoli cell and the elon-
(/) mice have been shown to exhibit the defective gated spermatid (Figure 3A, black arrows, also see Fig-
sperm morphogenesis and the male-specific infertility ure S3 in the Supplementary Material). The gold particles
[11], but the role of nectin in testicular AJs has not indicating nectin tended to be lined along the contact
been investigated. We show here the heterotypic sites at even intervals. Occasionally, these gold clusters
trans-interaction between nectin-2 in Sertoli cells and were associated with electron-dense regions, which pe-
nectin-3 in spermatids at Sertoli-spermatid junctions riodically appeared beneath the plasma membrane of
(SspJs), heterotypic AJs in testes. Moreover, each Sertoli cells (Figure 3B, asterisks). These electron-dense
nectin-based adhesive membrane domain exhibits regions turned out to be F-actin bundles in the junctional
one-to-one colocalization with each actin bundle un- complex (ES) of Sertoli cells. Using double-labeling im-
derlying SspJs. Inactivation of the mouse nectin-2 munoelectron microscopy of nectin-2 and -actin, it can
gene causes not only impaired adhesion but also loss be seen that the larger 10-nm gold particles indicating
of the junctional actin scaffold at SspJs, resulting in -actin localized at the electron-dense regions (Figure 3B,
aberrant morphogenesis and positioning of sperma- arrowheads). The smaller 5-nm gold particles indicating
tids. Localization of afadin, an adaptor protein of nec- nectin-2 localized at the edge of these electron-dense
regions facing the spermatid (black arrows). These results
strongly suggest that the nectin-based membrane mi-5 Correspondence: ytakai@molbio.med.osaka-u.ac.jp
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Figure 1. Schematic Representation of Sper-
matogenesis and the SspJ Structure
(A) A schematic diagram of spermatogenesis.
Sertoli cells, which constitute the single-lay-
ered seminiferous epithelium, support the dif-
ferentiation of germ cells. Spermatogenic
stem cells (spermatogonia) proliferate and
differentiate into spermatocytes, which go
through meiosis. The resultant haploid sper-
matids undergo morphological development
(spermiogenesis) to become mature sperma-
tozoa. Of the 16 “steps” of mouse spermio-
genesis defined for the morphological
change of spermatids [17], the first 8 consist
of round spermatids. Steps 9–16 of spermio-
genesis consist of elongated and condensed
spermatids. Especially during steps 13–15,
elongated spermatids are kept in the invagi-
nation (crypt) of the Sertoli cell. At step 16,
spermatids are translocated to the adluminal
surface of the epithelium to be released to the tubular lumen. Sertoli cells form two types of actin-based AJs: Sertoli-Sertoli junctions (SSJ)
with neighboring Sertoli cells, and Sertoli-spermatid junctions (SspJ) with elongated (step 9–16) spermatids (also see [B]). Unlike what is
shown here schematically, the germ cells are locally synchronized for their development, and therefore each cross-section of seminiferous
tubules can be classified into the 12 developmental “stages” (shown in Roman numerals). Thus, each “stage” of the tubule includes only the
spermatids at one or two “step(s)” (e.g., a stage-VII tubule contains step-7 and -16 spermatids) (for details, see [17]).
(B) Our model of the ultrastructure of SspJ, as a conclusion of this study. Sertoli cells form a unique type of actin-based junctional complex,
called ectoplasmic specialization (ES), at both SspJs and SSJs [18]. ES contains parallel actin bundles (represented by black dots) aligned
beneath the plasma membrane and a flattened cistern of the endoplasmic reticulum, which is connected to microtubules to translocate the
spermatid within the seminiferous epithelium [16]. Since ES is formed only in the Sertoli cells, SspJs are asymmetric, and its F-actin bundles
surround the spermatid heads like parallel rings (gray lines in [A]: a three-dimensional view). In this study, we provide a model of SspJ
organization as follows: nectin-2 on the Sertoli membrane trans-interacts with nectin-3 on the spermatid membrane to form discrete adhesive
membrane domains. At the same time, the cytoplasmic region of nectin-2 in Sertoli cells associates with afadin to anchor F-actin bundles to
the membrane. This model, however, does not exclude any additional adhesive machinery(s) at SspJs.
crodomains play a role in linking each F-actin bundle to Nectin-2 Is Required for Both Adhesion
the plasma membrane of Sertoli cells at SspJs. and the Actin Scaffold
To examine the function of nectin at SspJs, we used a
nectin-2 (/) mouse strain that we generated (S.M.,Nectin-3 Is Expressed Only in Spermatids
R. Bronson, T. Rosenquist, and E.W., unpublished data).Each nectin family member forms homotypic trans-inter-
As had previously been reported [11], we did not detectaction with the same molecule of the neighboring cells to
any gross developmental defects in the nectin-2 (/)mediate cell-cell adhesion [5–10]. Furthermore, nectin-3
mice, except for male-specific sterility. By various histo-forms heterotypic trans-interaction with either nectin-1
logical methods, we confirmed the aberrant spermatidor -2, which is much stronger than each homotypic inter-
morphogenesis in our nectin-2 (/) testes, includingaction [9]. We have previously shown the heterotypic
misshapen nuclei containing abnormal cavities in step-interaction between nectin-1 and -3 at the pre- and post-
11–16 spermatids [11] (Figure 5B, middle, arrowheads).synaptic sides of synapses, respectively [13]. Since
In addition, we found that the SspJ-dependent position-SspJs in testes are also a unique type of heterotypic
ing of elongated spermatids in seminiferous tubules [16]AJs, there is an intriguing possibility that heterotypic
was not ordered. The wild-type spermatids were clus-interaction of nectin takes place there. To answer this
tered and situated deep near the basal lamina promi-question, expression of nectin-2 and -3 in Sertoli cells
nently at steps 14–early 15, and they were then translo-and/or spermatids was examined by cell type-specific
cated to the luminal edge at step 16. In contrast, nectin-2(Figure 4, left panels) and age-dependent (right panels)
(/) spermatids were rather randomly distributedNorthern blot analysis. Both the splicing variants of nec-
within the tubules (Figure 5B, middle, arrowheads), sug-tin-2, nectin-2 and -2 [5, 14, 15], were detected essen-
gesting the defect of SspJs. Indeed, the F-actin coveringtially in all cell types and all ages. In contrast, all the
elongated spermatids in nectin-2 (/) testes wassplicing variants of nectin-3, nectin-3, -3, and -3 [9],
scarce (Figure 5B, left, arrowheads). Instead, abundantwere found only in the germ cell fraction (Figure 4, N3
abnormal F-actin structures were seen at deeper posi-and N3, left). In age-dependent Northern blot analysis
tions than spermatid heads in the seminiferous epithe-(right), their mRNA appeared faintly on postnatal day
lium (arrows). We also found that afadin, an adaptor17, just before the emergence of spermatids in the devel-
protein of nectin with the actin cytoskeleton [8, 12],oping testes, and strongly after postnatal day 23, when
shows nectin-2-dependent localization at SspJs (seespermatids are formed in seminiferous tubules. These
Figure S4 in the Supplementary Material). These resultsresults indicate that nectin-3 is expressed only in sper-
indicate that nectin-2 is required for the formation and/matids and hence plausibly forms heterotypic trans-
or maintenance of the actin scaffold at SspJs. On theinteraction with nectin-2 in Sertoli cells (also see Figure
S2 in the Supplementary Material). other hand, the Sertoli-Sertoli junctions appeared nor-
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Figure 2. Localization of Nectin-2 and -3 with
F-Actin at SspJs
Stage-specific localization of nectin-3 (green)
and F-actin (red) at SspJs (arrowheads). The
overlapping staining of nectin and F-actin are
visualized as yellow regions in “Merge”. Since
the staining pattern of nectin-2 at SspJs was
indistinguishable from that of nectin-3 at all
steps (see Figure S1 in the Supplementary
Material), only the results of nectin-3 are
shown. The arrows indicate the Sertoli-Sertoli
junctions, at which nectin-3 is absent.
(A) Stage IX. F-actin and nectin-3 emerge co-
incidentally at step-9 spermatid heads.
(B) Stage XII. Both nectin-3 and F-actin are
most abundant.
(C) Stage IV. The step-15 spermatid heads
are closely clustered together in the deep
crypts in the Sertoli cell bodies. Inset: the
3-fold magnification. Nectin-3 is concentrated
more at the tip and the convex side of the
spermatid heads than F-actin was.
(D) Stage VIII before sperm release. The step-
16 spermatids are translocated to the luminal
surface of the seminiferous tubule. Nectin-3
decreased significantly, while F-actin re-
mained visible at step-16 spermatid heads.
At least some of the F-actin staining around
the SspJs at this stage should be attributed
to the tubulobulbar complex, an F-actin-rich
endocytotic apparatus that is supposed to
eliminate adhesive complexes before sperm
release [18].
The scale bar represents 10 m.
mal, at least when they were observed with the staining Material). At steps 9 and 10, SspJs in nectin-2 (/)
testes often lacked F-actin bundles (Figure 5D, double-pattern of F-actin, ZO-1 (data not shown), and afadin
(see the Supplementary Material). The abnormal struc- headed arrow) or partly detached from the spermatid
heads (arrow). These defects could be detected atture of SspJs in nectin-2 (/) testes was examined
further by transmission electron microscopy. In the wild- step-9 spermatids and further progressed along with
the developmental step of spermatids. These findingstype seminiferous tubules, the acrosome-facing surface
of step-9–15 spermatid heads was tightly attached to indicate that the nectin-2-mediated adhesion coupled
with the F-actin undercoat is required for proper moldingSertoli cells and was continuously covered by the stri-
ated band of parallel F-actin bundles in Sertoli cells and holding of spermatid heads by Sertoli cells. The
loosened adhesion and the lack of the F-actin scaffold(Figure 5C, also see Figure S5 in the Supplementary
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Figure 4. Expression Patterns of Nectin-2 and -3
Northern blot analysis using cell type-specific mRNAs (left panels)
and age-dependent mRNAs (right panels). Left: RNA samples were
taken from whole-testis lysate (T) or germ-cell (G), Leydig-cell (L),
and Sertoli-cell (S) fractions. Right: RNA samples were taken from
whole-testis lysate at postnatal days 2–5, 8, 17, 23, 29, and 35 and
at adulthood (later than 8 weeks after birth) (A). These RNA blot
membranes were hybridized with the [-32P]dCTP cDNA probe of
mouse nectin-2 (N2), nectin-3 (N3), nectin-3 (N3), or GAPDH
(ctl). The extracellular regions of splicing variants are identical, but
their transmembrane segments and cytoplasmic regions are differ-
ent. The nectin-2 mRNA of about 3.4 kb is expressed after birth,
and another transcript of about 1.6 kb appeared after 29 postnatal
days in all cell types. The expression of the nectin-2 and nectin-
3 mRNAs was much less but was still in a similar pattern to that of
the nectin-2 and nectin-3 mRNAs, respectively (data not shown).
issue, transplantation experiments of spermatogenic
stem cells (spermatogonia) were performed (see Figure
S6 in the Supplementary Material). In brief, the nectin-2
(/) spermatogonia transplanted into nectin-2 (/)
testes differentiated into abnormal spermatids, just as
endogenous spermatids in nectin-2 (/) testes did.
In contrast, nectin-2 (/) spermatogonia transplanted
Figure 3. Ultrastructural Colocalization of Nectin-2 with Each into nectin-2 (/) testes differentiated into normal
F-Actin Bundle at SspJs spermatids that were morphologically indistinguishable
(A) Nectin-2 at SspJs detected by immunogold particles (arrows). from the wild-type spermatids. These results indicate
(B) Double labeling of nectin-2 (5-nm gold, arrows) and -actin (10- that nectin-2 in Sertoli cells, but not in spermatids, can
nm gold, arrowheads), which coincide with the electron-dense re-
restore the proper organization of SspJs in nectin-2gions (asterisk). Consistent with the ultrastructure of the junctional
(/) testes.complex (ES, see Figure 1B), the gold particles indicating nectin-2
are mostly located at the spermatid side of the gold particles indicat- In summary, we have shown that nectin-2 in Sertoli
ing -actin. A, acrosomes; N, nuclei of spermatids; S, Sertoli cells. cells forms heterotypic trans-interaction with nectin-3
The scale bars represent 200 nm. in spermatids and, at the same time, maintains the actin
scaffold at the junctional sites (see Figure 1B). This study
provides not only the first discovery of a cell-cell adhe-
due to the mislocalization of afadin may act together to sion molecule responsible for SspJs, but also a novel
weaken the contact site against the mechanical stress model of heterotypic AJs, which can be extended to the
and make it convoluted along with the drastic condensa- other complex tissues such as AJs between sensory
tion of spermatid nuclei. cells and supporting cells or AJs supporting synaptic
junctions in the nervous system.
Heterotypic Trans-Interaction between Nectin-2
in Sertoli Cells and Nectin-3 in Spermatids Organizes Supplementary Material
Supplementary Material including additional Figures, Results andAdhesion and the Actin Scaffold at SspJs
Discussion, and the Experimental Procedures is available at http://Our expression analyses indicate that nectin-3 is ex-
images.cellpress.com/supmat/supmatin.htm.pressed only in spermatids and that nectin-2 is ex-
pressed in both germ cells and Sertoli cells (Figures 4
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Figure 5. Defects of SspJs in Nectin-2 (/) Seminiferous Epithelium
(A and B) The (A) wild-type or (B) nectin-2 (/) stage-IV seminiferous tubules were doubly stained for F-actin (left panels, green in “Merge”)
and DNA (middle panels, blue in “Merge”). The scale bar represents 10 m. The overlapping staining of F-actin and DNA are visualized as
light-blue regions in “Merge”. The arrowheads indicate the highly condensed nuclei of elongated spermatids. The arrows indicate the abnormally
positioned F-actin bundles.
(C and D) The step-10 spermatids of the (C) wild-type and the (D) nectin-2 (/) testes observed by transmission electron microscopy. The
scale bars represent 1 m. A, acrosomes; N, nuclei of elongated spermatids; S, Sertoli cells. The double-headed arrow in (D) indicates the
SspJ region lacking an F-actin undercoat. The arrow in (D) indicates the plasma membrane of Sertoli cells with its junctional complex detached
from the spermatid membrane.
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